Abstract--In general, a rare-earth permanent magnet that has large energy product is used for traction motors mounted on hybrid electric vehicles (HEVs). However, it is necessary to develop rare-earth-free motors for the HEV traction motors owing to several problems such as price hike and export restriction of rare-earth materials. In this paper, a ferrite permanent magnet axial gap motor with coreless rotor structure is introduced as the rare-earth-free motor. In addition, the motor structure and the results of 3D-FEA are described in detail.
I. INTRODUCTION
Recently, interest in environmental problems represented by the problems of the global warming is increasing every year. Hybrid electric vehicles (HEVs) are expected as measures to reduce emissions of carbon dioxide which is one of causes of the environmental problems. In HEVs, permanent magnet synchronous motors (PMSMs) are generally used as traction motors and desired to be small size, high power, and high efficiency. Hence a rare-earth permanent magnet that has a large energy product is generally used for the PMSMs. However, it is necessary to develop rare-earth-free motors for the HEV traction motors, because of several problems such as price hike and export restriction of rareearth materials included in the rare-earth permanent magnet.
Currently, the Toyota Prius is known well as the HEV. The third generation is the newest of the Toyota Prius. The total axial length of the traction motor in the third generation is short at 69% compared with that of the second generation. The traction motor with the flatter shape is required in case the generation becomes new. Accordingly, it is important to propose the rare-earth-free motor suitable for the flat shape. In this paper, the 60 kW traction motor in the newest third-generation Toyota Prius is set as the development target of the rare-earthfree motor.
In general, the radial gap motor is used for traction motors in HEVs. However, in the radial gap motor, the rate of the coil end to the motor volume increases, as the motor shape becomes flatter. Consequently, the torque density of the radial gap motor is greatly decreased in the flatter shape, because the coil end is dead space for torque generating. On the other hand, even if the axial gap motor becomes the flatter shape, the dead space caused by the coil end is small. The high torque density can be expected in the axial gap motor with the flat shape [1] - [7] . Therefore, in the proposed motor, the structure of the axial gap motor using the ferrite permanent magnet as the substitution of the rare-earth permanent magnet is adopted.
In the previous paper [1] , we suggested a ferrite permanent magnet axial gap motor with the segmented rotor structure. In this motor, SMC cores are put into a rotor in order to utilize reluctance torque. On the other hand, in this paper, the rotor of the proposed motor is made up of only ferrite permanent magnets and a nonmagnetic rotor support component without the SMC cores. Hence the proposed motor is equipped with coreless rotor structure which is effective in attaining high efficiency by means of reducing iron loss, because the coreless rotor structure can decrease magnetic flux density.
In this paper, a ferrite permanent magnet axial gap motor with the coreless rotor structure is introduced as the rare-earth-free motor suitable for the flat shape. It can be confirmed with 3D-FEA that the proposed motor can achieve the maximum torque of 207 Nm, the constant output operation of 60 kW, and the maximum efficiency of 97% equivalent to the 60 kW traction motor in the third-generation Toyota Prius.
II. STRUCTURE OF A FERRITE AXIAL GAP MOTOR WITH
CORELESS ROTOR STRUCTURE Table I shows the specifications of the 60 kW traction motor in the third-generation Toyota Prius using the rareearth magnets which is a target motor. The motor volume was measured in our laboratory. In the motor volume of 5.91 L, the maximum torque is 207 Nm, the constant output power is 60 kW, and the maximum efficiency is 97%. As mentioned in the previous chapter, the proposed motor aims to achieve the maximum torque, the constant output operation, and the maximum efficiency equivalent to this target motor. rotor-internal-stator structure which one rotor is sandwiched by the two stators. The volume of the proposed motor is the same as that of the target motor. Fig. 2 shows the rotor configuration of the proposed motor with 10 poles. The rotor is constructed by installing only ferrite magnets into a rotor support component with non-magnetic steel, and the coreless rotor structure uses no magnetic materials like SMC core. The ferrite magnets are magnetized in parallel toward the axial direction, and the magnetized direction is the opposite direction alternately at each magnet segment. The proposed motor is non-salient pole machine which the self-inductances of the d-axis and q-axis are equal since the rotor is the surface permanent magnet (SPM) type with the coreless rotor structure. Hence magnet torque can be only utilized and the improvement of efficiency can be expected from reducing iron loss, because the coreless rotor structure can decrease magnetic flux density.
Additionally, this rotor structure is effective against the irreversible demagnetization which is a problem in the case of using the ferrite magnet because it is possible to maximize the thickness of the ferrite magnet in the limited rotor dimensions.
The stator which has 15 slots is constructed by SMC cores and windings. In the proposed motor, the threephase 10-pole concentrated windings are wound around the 15 stator teeth. Table II shows the specifications of the proposed motor. The outer diameter of the stator is 264 mm, and the total axial length between the back of the stator and the back of another stator is 108 mm. Accordingly, the volume of the proposed motor is 5.91 L that is equivalent to that of the target motor. Additionally, the one-sided gap length of the proposed motor is 1.25 mm. The detailed form of each part of the proposed motor was determined such that the magnet torque is maximized in the restricted motor size. Moreover, the rotor support component is using 18%Mn steel made by Japan Steel Works, Ltd, which is a non-magnetic material, the ferrite magnet is using NMF-12G+ made by Hitachi Metal, Ltd, and the stator is using SMC core made by Kobe Steel, Ltd. In the 18%Mn steel of the rotor support component, tensile strength and yield strength depend on the nitrogen content [8] . In this paper, 18%Mn steel with the yield strength of 415 MPa is used.
III. CHARACTERISTICS OF THE PROPOSED MOTOR
A. Torque characteristic 3D-FEA was carried out in order to confirm the validity of the proposed motor. The analysis conditions are as follows. The rotation speed is 2800 r/min which is the base rotation speed. This value is almost equivalent to 2768 r/min of the base rotation speed in the target motor. The magnet temperature is constant at 75°C. In addition, the current phase angle is 0° since the proposed motor can generate only magnet torque. In order to evaluate the proposed motor, 2D-FEA was also performed about the target motor. At that time, the rotation speed is unified at 2800 r/min, the magnet temperature is constant at 75°C, and the current phase angle is 50° at which the target motor can generate the maximum torque. Fig. 3 shows the instantaneous torque waveform on condition that the current density is the maximum current density of 18.4 Arms/mm 2 under the above analysis condition. The maximum average torque of the proposed motor is 207.65 Nm. Therefore, the proposed motor can generate a torque equal to 207 Nm which is the maximum average torque of the target motor. Hence the output power is 60.89 kW at the base rotation speed, and the proposed motor can fulfill an equal output power at the same volume as the target motor with the rare-earth magnet.
In addition, Fig. 4 shows the comparison of the torque ripple ratio between the proposed motor and the target motor. In Fig. 4 , the maximum average torque of each motor is standardized as 1 p.u. in order to compare simply. The torque ripple ratios of the proposed motor and the target motor are 10.73% and 12.45%, respectively. It is known that the torque ripple ratio of the proposed motor is smaller than that of the target motor. Fig. 5 shows the cogging torque waveform of both motors under no torque load. The cogging torques of the proposed motor and the target motor are ±7.03 Nm and ±0.53 Nm, respectively. The cogging torque of the proposed motor is larger than that of the target motor. Although the cogging torque of the proposed motor is slightly 3.4% of the maximum average torque of 207.65 Nm, we want to suppress the cogging torque by improving the motor shape in the future.
B. Comparison of the flux density distribution
In the proposed motor, the coreless rotor structure is adopted in order to reduce the magnetic flux density. Here the flux density distribution of both motors is compared in order to confirm the above concept of coreless rotor structure. Fig. 6 shows the flux density distribution of both motors. The proposed motor is shown with the 1/5 cut model of only the stator by hiding the rotor, and the target motor is shown with the 1/4 cut model. The magnetic flux density on the main flux path of the proposed motor is 1.35 T against that of the target motor of 1.75 T. It can be confirmed from Fig. 6 that the magnetic flux density of the proposed motor is low by comparison with the target motor as the concept.
C. Irreversible demagnetization
In this section, demagnetization analysis was performed against the proposed motor in order to evaluate the irreversible demagnetization of the ferrite magnets. While the irreversible demagnetization of the rare-earth magnet tends to be easy to progress at high temperatures, the irreversible demagnetization of the ferrite magnets tends to be easy to progress at low temperatures. Therefore, the analysis condition is set up as follows. The temperature of the ferrite magnets is two kinds of -40°C and 75°C, and the temperature of the rareearth magnet is 150°C. The current phase angle is constant at 90°, and the rotation angle is fixed at 0°. Fig. 7 shows the appearance of the irreversible magnetization of the ferrite magnets after conducting the maximum current density in the proposed motor. In Fig.  7 , the temperature of the ferrite magnets is -40°C. Despite this worst analysis condition, the irreversible magnetization does not drastically progress in the ferrite magnets of the proposed motor. Hence the proposed motor is designed to be no problem against the irreversible demagnetization in the maximum current density.
In addition, the reduction ratio of U-phase flux linkage is used as an index to quantitatively assess the irreversible demagnetization of the magnet. The reduction ratio of Uphase flux linkage is derived from Ψ mA and Ψ mB that are the U-phase flux linkages generated by the ferrite PMs before and after conduction of current, respectively. Thus, the reduction ratio (δ) of U-phase flux linkage is as follows; 100 % . 1 Fig. 8 shows the transitions of the reduction ratio of Uphase flux linkage in both motors that was derived by (1) in each current density. Here the reduction ratio of Uphase flux linkage in the proposed motor is shown in case of the magnet temperatures of -40°C and 75°C, and the reduction ratio of U-phase flux linkage in the target motor is shown in case of the magnet temperature of 150°C. At the maximum current density, the reduction ratio of Uphase flux linkage is small less than 0.5% in every curve. Although the irreversible demagnetization of the proposed motor at -40°C is easy to progress compared to that of the target motor at 150°C, the U-phase flux linkage reduction of the proposed motor at 75°C is almost equivalent to that of the target motor at 150°C. In fact, the operating time when HEVs is driven under cryogenic of -40°C is particularly short, and the motor temperature including the magnet becomes high immediately. Hence the performance against the irreversible magnetization of the proposed motor is almost the same as that of the target motor.
D. Von-Mises stress
It is important to investigate the endurance of the designed proposed motor against von-Mises stress. Fig. 9 shows the maximum von-Mises stress in the rotor support component at each rotation speed. As described in the previous chapter, the yield strength of 18%Mn steel which is used in the rotor support component is 415 MPa. At 7500 r/min, the maximum von-Mises stress is 280.1 MPa. At this time, the safety ratio against the yield strength of 18%Mn steel is 1.48. Accordingly, in this paper, the rotation speed of 7500 r/min is determined as the maximum rotation speed of the proposed motor in order to have a margin against the stress. Fig. 10 shows the distribution of the von-Mises stress at the maximum rotation speed of 7500 r/min. The vonMises stress in the rotor support component is concentrated on the boundary between the pillars extending radially from the center and the outer circular ring. It is seen that the proposed motor designed in this paper cannot be rotated up to the maximum rotation speed of 13900 r/min in the target motor. Therefore, the proposed motor is suitable for the traction motor in the parallel hybrid system which rotates at the same rotation speed as the engine.
E. Efficiency
In this section, the efficiency of the proposed motor and the target motor is compared and is discussed. Here the efficiency of the proposed motor is derived by the output power P OUT , the copper loss W C , the eddy current loss W IR which generates in the rotor support component, and the iron loss W IS which generates in SMC cores. The efficiency of the proposed motor is as follows;
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In (2), the eddy current loss of the ferrite magnets is not considered because the eddy current loss of the ferrite magnets is quite small. Fig. 11 shows the transition of the efficiency in the proposed motor at the base rotation speed. For comparison, the transition of the efficiency in the target motor is shown together. The maximum efficiencies at the base rotation speed in the proposed motor and the target motor are 96.27% and 97.07%, respectively. The maximum efficiency of the target motor is only 0.8% higher than that of the proposed motor. On the other hand, the efficiencies at the maximum average torque in the proposed motor and the target motor are 90.27% and 90.41%, respectively. Thus, the efficiency of both motors is almost equivalent. Fig. 12 shows the transition of the total loss in both motors at the base rotation speed. The total loss of the proposed motor is slightly larger than that of the target motor, and this result affects the difference between the efficiencies shown in Fig. 11 . Fig. 13 shows the transition of the copper loss and the iron loss in both motors at the base rotation speed in order to evaluate the slight difference of the total loss in both motors. While the copper loss of the proposed motor is slightly smaller than that of the target motor due to adopting the concentrated winding, the iron loss of the proposed motor is larger than that of the target motor. However, the values of the total loss in both motors are quite close because the copper loss is dominant against the total loss.
Here the detail of the iron loss in the proposed motor is investigated since the iron loss in the proposed motor is much larger than that in the target motor. Fig. 14 shows the items of the iron loss in both motors. In the proposed motor, the eddy current loss in the rotor support component is 12.79%, and the iron loss in the SMC core of the stator is 87.21% against the total loss. While the iron loss in the SMC core of the proposed motor is 0.97 kW when generating the maximum torque, the iron loss in the silicon steel sheet of the target motor is 0.35 kW. This result is led from the material performance difference between the SMC core and the silicon steel sheet. The reduction effect of the iron loss in the coreless rotor structure is large compared with the conventional rotor structure causing the high magnetic flux density. However, the reduction of the iron loss in the proposed motor is still insufficient in comparison with that in the silicon steel sheet of the target motor. Henceforth, improving the motor shape in order to reduce the eddy current loss in the rotor support component and the iron loss in the SMC core of the stator is necessary in order to desire higher efficiency. Fig. 15 shows the efficiency map of the full operating area in the proposed motor which was calculated with 3D-FEA. Thick line in the Fig. 15 shows the torque curve which can achieve the constant output operation of 60 kW. Therefore, despite the SPM type with the coreless rotor structure, the constant power operation of 60 kW is possible in the driving range from the base rotation speed of 2800 r/min to the maximum rotation speed of 7500 r/min. In addition, the efficiency is more than 90% in the very wide range. Moreover, the maximum efficiency of the proposed motor is 97.18% at the average torque of 51.42 Nm in 7500 r/min. The maximum efficiency of the proposed motor is equivalent to that of the target motor. The particular remarkable point is to become the high efficiency at the rotational speed over the base rotation speed. Therefore, the proposed motor excels the target motor using the rare-earth magnet in this point.
IV. CONCLUSIONS
In this paper, the 60 kW ferrite permanent magnet axial gap motor with the coreless rotor structure was introduced, and the detailed motor characteristics were investigated by using 3D-FEA. It is found that the proposed motor can achieve the maximum torque, the maximum output power, and the maximum efficiency equivalent to the 60 kW target motor using the rare-earth permanent magnet in the third-generation Toyota Prius at the same volume.
On the other hand, the points of the large cogging torque and not being able to be rotated up to the maximum rotation speed of the target motor should be improved in the present design. Henceforth, how to use the proposed motor in order to utilize the good characteristics of this motor should be studied at the same time as it takes the improvement design into consideration. 
